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The relation between flow and density is an essential quantitative characteristic to describe the
efficiency of traffic systems. We have performed experiments with single-file motion of bicycles and
compare the results with previous studies for car and pedestrian motion in similar setups. In the
space-time diagrams we observe three different states of motion (free flow state, jammed state and
stop-and-go waves) in all these systems. Despite of their obvious differences they are described by
a universal fundamental diagram after proper rescaling of space and time which takes into account
the size and free velocity of the three kinds of agents. This indicates that the similarities between
the systems go deeper than expected.
PACS numbers: 45.70.Vn, 05.60.-k, 89.40.Bb, 89.75.Fb, 02.50.Ey
INTRODUCTION
In the past, various studies have been performed on
pedestrian [1], bicycle [2] and vehicular traffic [3–6]. Be-
sides the obvious practical relevance, from a physics
point-of-view, these traffic systems are interesting for
the observed collective and self-organization phenomena,
phase transitions etc. Most of the methods and theo-
ries in pedestrian dynamics are borrowed from vehicular
traffic. As for the study of bicycle traffic, most research
focuses on operating characteristics, travel speed distri-
butions as well as bicycle characteristics. Only a small
number of studies focused on the flow properties of bicy-
cle traffic [7–10]. Here we want to find out how strongly
the flow-density relation depends on the properties of the
agents.
Usually these different types of traffic flows are investi-
gated separately. So far a systematic comparison has not
been attempted but qualitative similarities are obvious.
Nearly all studies on pedestrians and vehicles show that
the speed decreases with the density. At a certain criti-
cal value of the density the flow is unstable and transits
from free flow to jammed flow. This transition was also
found for bicycle flows [10]. In this work single-file pedes-
trian, car and bicycle movement on a planar circuit will
be studied under laboratory conditions. We analyze, on
a quantitative level, similarities and differences between
the flow-density relation of these three traffic modes. We
want to study whether they can be derived from a uni-
versal flow-density relation.
EXPERIMENTAL SETUP
The experiments for all three types of traffic were per-
formed with similar setups, namely on planar circuits
where only single-file motion was possible. Series of ex-
periments were carried out with a maximal number of
participants N = 70, 23 and 33 for the pedestrian, car
and bicycle experiment, respectively. In general, partic-
ipants were asked to move normally without overtaking.
The global density was varied by repeating the experi-
ment with different numbers of participants.
The pedestrian experiment [11] was performed with
soldiers moving in a circular corridor of circumference
Cp = 26 m. During the experiment the soldiers were
asked to walk in a normal fashion but not in lockstep (see
the video from [12]).The one dimensional global density
ρg = N/C ranges from 0.54 m
−1 to 2.69 m−1 in this
experiment.
A similar experiment with cars was performed by
Sugiyama et al. [13, 14] on a circular road with circum-
ference Cc = 230 m and N = 22 and 23, correspond-
ing to global densities ρg = 0.096 m
−1 and 0.1 m−1,
respectively. Recently the same group improved these
experiments [15]. They carried out 19 experimental runs
with Cc = 312 m and different numbers of cars (N was
changed from 10 to 40). The global density ρg in this
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2FIG. 1. Snapshots of the bicycle experiment on a circuit
road.
experiment ranges from 0.03 m−1 to 0.13 m−1.
The bicycle experiment was carried out in Germany in
2012 with participants of all ages [16]. On a circuit road
with circumference Cb = 86 m several runs with differ-
ent numbers of bicycles (from N = 5 to N = 33) were
performed (Fig. 1). Based on video recordings [17] the
trajectories were extracted automatically, similar to the
method used in the pedestrian experiments [18]. Details
will be given elsewhere [16].
TRAJECTORIES
From the high precision trajectories, traffic flow char-
acteristics including flow, density and velocity can be
determined. Fig. 2 shows a time-space diagram in the
measurement area, which has a length of 27 m, from one
run of the bicycle experiment. Similar trajectory plots
for car and pedestrian motion can be found in [11, 13].
In all three cases a transition from free flow to jammed
flow can be observed with the increasing of the global
density. In the free flow regime all agents can move at
their desired speed, whereas in the jammed regime typi-
cally stop-and-go waves are observed.
METHODS OF DATA ANALYSIS
The comparison of time-space diagrams already indi-
cates a qualitative similarity between the three traffic
systems. A deeper understanding requires quantitative
analysis which allows to uncover the underlying dynam-
ics that is not apparent in the more qualitative observa-
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FIG. 2. Trajectories in the measurement area (of length
27 m) for the bicycle experiment with N = 33. The same
structures can be found in trajectories of pedestrian and ve-
hicle systems [11, 13].
tions of the trajectories. We use both macroscopic and
microscopic analysis to obtain more detailed information
on the specific flow-density relation or equivalently the
velocity-density relation. In this study the specific flow
Js is calculated by Js = ρ · v.
Microscopically, an individual density can either be de-
fined based on a Voronoi tesselation [19] or the headway.
The headway dH(i) is defined as the distance between
the centers of mass of an agent i and its predecessor,
whereas the Voronoi space dV (i), for one-dimensional
motion, is the distance between the midpoints of the
headway and the headway of its follower i− 1. The cor-
responding individual densities are then ρH(i) = 1/dH(i)
and ρV (i) = 1/dV (i), respectively. As for the individual
velocity, the instantaneous velocity vi(t) is defined as
vi(t) =
xi(t+ ∆t
′/2)− xi(t−∆t′/2))
∆t′
, (1)
where xi(t) is the x coordinate of pedestrian i at time t
and ∆t′ = 2 s is used in this study.
The individual flow-density relation of bicycle traf-
fic obtained from the Voronoi-based and headway-based
methods do not show large discrepancies but the results
of the headway-based method are more scattered. This
has previously been observed for pedestrian dynamics
[19, 20].
Macroscopically, the similarities between the three sys-
tems are more apparent. On the macroscopic level the
mean densities ρ(t) and velocities v(t) in a measurement
area at time t are calculated based on Voronoi method:
ρ(t) =
∑n
i=1 Θi(t)
lm
, (2)
v(t) =
∑n
i=1 Θi(t) · vi(t)
lm
, (3)
3where n is the number of agents whose Voronoi space
includes the measurement area (assuming that the over-
lapping length between the space and the measurement
area is do(i) for agent i). Θi(t) = do(i)/dV (i) represents
the contribution of agent i to the density of the measure-
ment area. vi(t) is the instantaneous velocity (see eq. (1))
and lm is the length of the measurement area.
In this study, the lengths of the measurement areas lm
were 3 m, 35 m and 13 m in the pedestrian, car and bicy-
cle experiments, respectively. Since the (average) length
of agents is 0.4 m, 3.9 m and 1.73 m, at most 7 agents can
occupy the measurement area at the same time. It should
be noted that in all experiments the ratio of agent length
and system length was of the same order of magnitude.
RESULTS
The flow-density relation of the pedestrian experiment
can be divided into three regimes ρ ∈ [0, 1.0] m−1,
[1.0, 1.7] m−1 and [1.7, 3.0] m−1, which correspond to
three states of pedestrian movement (see Fig. 3). For
small densities ρ < 1.0 m−1 free flow is observed and the
specific flow increases monotonically with the density. A
gap can be observed in the velocity-density relationship
at ρ = 1.0 m−1, where a transition occurs in the specific
flow-density relationship. When the number of pedestri-
ans inside the system increases from 25 to 28, the specific
flow jumps from 1.0 s−1 to 0.7 s−1. For ρ > 1.0 m−1, the
stream is in a congested state and the specific flow starts
to decrease with the increasing density. However, the
decline rates are different around 1.7 m−1. The tran-
sient decelerations of pedestrians can be observed some-
times but are not the main property of the movement for
ρ < 1.7 m−1. For ρ > 1.7 m−1, stop-and-go waves domi-
nate the motion of the pedestrians, which can be seen in
[11].
Similar results are observed in the bicycle system, as
shown in Fig. 4. For densities ρ < 0.3 m−1, the bicycle
stream is in a free flow state and the specific flow increases
monotonically with increasing density. At ρ = 0.3 m−1
the specific flow drops sharply from 1.0 s−1 to 0.4 s−1
marking the transition to the congested state. Stop-and-
go waves are observed in the run with N = 33.
COMPARISON OF THE FLOW-DENSITY
RELATIONS
Plotting the flow-density relation of these three sys-
tems in one graph shows that the data points occupy dif-
ferent ranges of density and do not seem to be comparable
to each other. To take into account the different scales of
sizes and velocities of the agents we rescale these quan-
tities. For the length of the agents we use L0(c) = 0.4 m
for pedestrians, L0(c) = 3.9 m for cars [15] and the mean
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FIG. 3. The Voronoi-based flow-density relation for pedes-
trians. For ρ > 1.0 m−1, the free flow regime ends and the
specific flow decreases with increasing density.
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FIG. 4. The Voronoi-based flow-density relation of the bicy-
cle experiment. For ρ > 0.28 m−1 the free flow regime ends
and the flow decreases.
value of L0(b) = 1.73 m of bicycles in the experiment.
For scaling the speed we consider the desired velocity of
each agent. From special measurements in the course of
the experiments we know that they are about 1.4 m/s for
pedestrians and 5.5 m/s for bicycles. For cars here we use
11.1 m/s (about 40 km/h) according to the experiment
in [15].
After rescaling it is found that the flow-density rela-
tions agree well (see Fig. 5). In all cases the free flow
regimes ends at approximately ρ ·L0 = 0.5. This implies
that the transition to the congested state occurs when
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FIG. 5. Comparison of the scaled flow-density relations for
pedestrian, car and bicycle traffic. For the scaling the desired
velocities (1.4, 11.1 and 5.5 m/s) and agent lengths (0.4, 3.9
and 1.73 m) have been used respectively. The ellipse shows
the outline of the free flow regime.
nearly 50% of the available space is occupied. Moreover,
the capacity, i.e. the maximal flow, agrees for the three
sydiagram are again similar for all three systems. It con-
sists of different states like synchronized traffic and stop-
and-go waves. For pedestrians and bicycles, the latter
occur at an occupation of 0.7.
Note that the maximum of the scaled densities ρ ·L0 is
larger than 1.0 for pedestrians. In these experiments no
notable body contact was observable and the compress-
ibility of human bodies is not responsible for this effect.
Instead pedestrian trajectories are extracted by detect-
ing markers on the head. Head movement in combination
with evasion to the side and the projection of the trajec-
tories in one dimension for this comparative analysis is
responsible for values of the rescaled density higher than
1. For bicycles, there could be some overlapping of bikes
in a zipper-like manner at higher densities which leads to
densities larger than 1. In contrast, such overlapping is
impossible for car traffic since cars have to keep certain
distance to avoid potential collisions. This explains the
lack of data for vehicular traffic close to density 1.
DISCUSSION
For single-file systems we showed that the flow-density
relations of pedestrian, car and bicycle traffic show a
good agreement after simple rescaling. The density at
maximal flow and the corresponding flow values are al-
most identical. This implies that the shape of the flow-
density relation does not contain much information about
the type of traffic. This is somewhat unexpected since the
traffic systems appear to be governed by rather different
aspects. Vehicular traffic is dominated by the physical
restrictions on car motion, e.g. inertia effects limiting
the possible accelerations. In contrast, in pedestrian mo-
tion acceleration and deceleration (and even changes in
the direction motion) are almost instantaneous. Bicycle
traffic takes an intermediate position between these two
extremes.
The transport properties in such systems could be ap-
proximated by the universal equation v˜ = 1 − ρ˜ with
v˜ = v/v0 and ρ˜ = ρ/ρ0. This leads to a normalized
maximal flow of 0.25 at a relative density of 0.5. This
corresponds to the properties to the asymmetric simple
exclusion process [21, 22], which is often considered as a
minimal model for traffic flows. The main feature of this
model is volume exclusion. Also models for pedestrian
dynamics [23–25] show that these transport characteris-
tics could be reproduced by an appropriate consideration
of a velocity dependent volume exclusion, which seems a
universal characteristics of such systems. From this we
conclude that other properties of the agent, like acceler-
ation or inertia are less relevant for the structure of the
flow-density relation in single-file traffic systems of differ-
ent agent types. In other words models without a proper
consideration of the volume exclusion miss an important
aspect of traffic systems.
Two exceptions from these observations deserve to be
mentioned. First of all, in highway traffic two differ-
ent congested phases can be distinguished, the wide jam
phase and the synchronized phase [5]. The structure of
synchronized traffic leads to a non-functional form of the
flow-density relation with a non-unique flow-density re-
lation.
The second exception, which is more relevant for the
present study, concerns traffic on ant trails. As shown in
the empirical study [26] no congested phase exists up to
the largest observed densities ρ ≈ 0.8. The average veloc-
ity is almost independent of density and the flow-density
diagram consists only of a monotonically increasing free-
flow branch.
It is not immediately clear what the origin of this dif-
ferent behavior is. As found in [26] ants move in platoons
with small headway, but almost identical velocities.
Summarizing, we have shown that the transport prop-
erties of these three different types of single-file traffic
flows can be unified in a certain range by a simple scal-
ing of velocity and density. These results may not only
provide insights into dynamical behavior but also may
be relevant for the improvement of mixed traffic systems.
However, to investigate this point further empirical data
is still needed especially in the higher density range for
bicycle traffic and lower density range for cars.
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